cleavage. The 3Ј-radiolabeled target RNA contained a 7-methyl guanosine "cap" at its 5Ј end and was 3Ј endlabeled with ␣-32 P, 3Ј-deoxyadenosine 5Ј triphosphate (3Ј-dATP) and yeast poly(A) polymerase ( Figure 1A) . The 3Ј-radiolabeled RNA corresponded to the antisense se- . A 3Ј cleavage product was of the scissile phosphate. The mechanism of endonucleolytic cleavage is not consistent with the mechaalso detected for a different siRNA:target pair (Figure S1) . nisms of the previously identified RISC nuclease, Tudor-SN. Thus, the RISC-component that mediates
P, 3Ј-deoxyadenosine 5Ј triphosphate (3Ј-dATP) and yeast poly(A) polymerase (
. The 3Ј-radiolabeled RNA corresponded to the antisense seSummary quence of the 5Ј-radiolabeled RNA target. The siRNA used in this study generates both sense-and antisenseIn the Drosophila and mammalian RNA interference (RNAi) pathways, target RNA destruction is catalyzed strand RISCs. The 5Ј cleavage product for this antisense target RNA and siRNA has been characterized preby the siRNA-guided, RNA-induced silencing complex (RISC). RISC has been proposed to be an siRNAviously [3, 5] . If RISC is an endonuclease, then the 5Ј cleavage proddirected endonuclease, catalyzing cleavage of a single phosphodiester bond on the RNA target. Although 5 uct of the 5Ј-radiolabeled sense target RNA and the 3Ј cleavage product of the 3Ј-radiolabeled antisense target cleavage products are readily detected for RNAi in vitro, only 3 cleavage products have been observed RNA should be the same length. By using the 5Ј-radiolabeled sense and 3Ј-radiolabeled antisense target RNAs, in vivo. Proof that RISC acts as an endonuclease requires detection of both 5 and 3 cleavage products we detected both 5Ј and 3Ј products of siRNA-directed target RNA cleavage. No 3Ј cleavage products were in a single experimental system. Here, we show that siRNA-programmed RISC generates both 5 . and the 3Ј cleavage product of the antisense target comigrate, we conclude that RISC is an endonuclease We propose that during catalysis, a Mg 2؉ ion is bound to the RNA substrate through a nonbridging oxygen that cleaves at a single, unique site, as first proposed by Tuschl and colleagues [5] . A 3Ј cleavage product was of the scissile phosphate. The mechanism of endonucleolytic cleavage is not consistent with the mechaalso detected for a different siRNA:target pair (Figure S1) . nisms of the previously identified RISC nuclease, Tudor-SN. Thus, the RISC-component that mediates
The termini of the products of nucleases often provide clues to the mechanisms of nuclease catalysis. We puriendonucleolytic cleavage of the target RNA remains to be identified. addition to its 5Ј kinase activity, PNK is a 3Ј monophosin cultured mammalian cells [14] . Although the proposal phatase.) In contrast, incubation of the 5Ј cleavage prodthat RISC is an endonuclease is appealing [5] , current uct with poly(A) polymerase and 3Ј-dATP converted it evidence is also consistent with a highly processive 5Ј-to a slower migrating form, consistent with the addition to-3Ј or 3Ј-to-5Ј exonuclease that stops at the center of of a single adenosine to its 3Ј end. This result implies the the siRNA. When the same reaction was performed using a 7m G(5Ј)ppp(G) capped, 3Ј-32 P-radiolabeled antisense luciferase target RNA, no cleavage product was detected (ϪNEM). When the lysate was treated with NEM after RISC assembly, a 3Ј cleavage product was readily detected. This 3Ј cleavage product was 72 nt long, which is the length predicted if RISC is an endonuclease. (B) The 5Ј cleavage product was gel isolated and analyzed to determine the structure of its 3Ј terminus. The 5Ј cleavage product could be extended one nucleotide by treatment with poly(A) polymerase (PAP) and 3Ј-dATP; its mobility was unaltered by treatment with PNK. Therefore, it contains a 3Ј hydroxy terminus. (C) The 3Ј cleavage product was gel isolated and analyzed to determine the structure of its 5Ј terminus. Treating the 3Ј cleavage product with calf intestinal phosphatase (CIP) produced a species with a slower gel mobility. The mobility of this RNA was restored to that of the original 3Ј cleavage product after further treatment with PNK and ATP. The mobility of the 3Ј cleavage product was unaltered by treatment with PNK alone. Thus, the 5Ј end of the 3Ј cleavage product must bear a monophosphate.
slower migrating form compared to the untreated RNA, cleavage by RISC. Such enzyme mechanisms often use divalent cations to assist in catalysis. To test whether consistent with the original 3Ј cleavage product containing one or more 5Ј phosphate groups. Treatment of a divalent metal ion is required for RISC endonuclease function, siRNA was incubated with Drosophila embryo the dephosphorylated sample with PNK and ATP restored its mobility to that of the untreated sample. No lysate to assemble RISC, and then RISC assembly was inactivated with NEM. Finally, the siRNA-programmed change was observed when the RNA was treated with PNK alone. Together, these results indicate that the 3Ј RISC was mixed with target RNA and EGTA (to chelate calcium), EDTA (to chelate magnesium), or 1,10-phenancleavage product begins with a single 5Ј phosphate group, and the 5Ј cleavage product ends with a 3Ј hythroline (to chelate zinc). Compared to a reaction with no chelator added, the reactions containing either EGTA droxyl group.
These termini are not consistent with a 2Ј hydroxyl or 1,10-phenanthroline showed no decrease in cleavage group on the target RNA acting as a nucleophile to efficiency. In contrast, reactions that contained EDTA attack the scissile phosphate; such a mechanism would showed a marked decrease in cleavage efficiency at be expected to leave a 2Ј,3Ј cyclic phosphate and a 5Ј 2 mM chelator; at 5 mM and 10 mM EDTA, no cleavage hydroxyl. Control experiments demonstrate that 2Ј,3Јcy-was detected (Figure 2A ). clic phosphate and 5Ј hydroxyl termini are stable in the RISC function could be rescued by adding additional in vitro RNAi reaction but are nonetheless not found on Mg 2ϩ after EDTA, demonstrating that inactivation of the cleavage products of RISC (data not shown). After RISC by EDTA reflected Mg 2ϩ chelation, not an unrelated 1 hr incubation in NEM-treated lysate in standard RNAi effect ( Figure 2B ). Furthermore, EDTA did not cause conditions, an 80 nt, 5Ј-7-methyl guanosine cap-radiola-RISC disassembly, because RISC could be incubated beled RNA bearing a 2Ј,3Ј-cyclic phosphate at its 3Ј with the RNA target in the presence of EDTA for 1 hr terminus was unaltered. Similarly, a 3Ј-radiolabeled RNA prior to the addition of Mg 2ϩ ( Figure 2C ). RISC was asbearing a 5Ј hydroxyl group but otherwise identical to sembled, the assembly was quenched with NEM, then the 3Ј cleavage product described in this manuscript EDTA and target RNA were added. The reaction was was not converted to a 5Ј phosphorylated form. Thus, incubated for 1 hr; no target cleavage occurred. Next, the 5Ј phosphate and 3Ј hydroxy termini we observed Mg 2ϩ was added, and the incubation continued for anon the cleavage products of RISC are unlikely to result other hour. for activity [22] . Our data show that Mg 
